redshift of z = 0.33. At this distance, the SN has an absolute peak magnitude of only M V = −16.7 mag, which makes it the faintest SN associated with a long GRB [9, 10] . In contrast, the γ-ray isotropic-equivalent energy release at z = 0.33 is > 1.4 × 10 51 erg, typical for other long GRBs but more luminous than most other lowredshift GRBs associated with SNe [11] . We detect a possible host galaxy in g and r bands with OSIRIS/GTC at 6 months after the burst with an absolute magnitude of only M g,abs = −13.75 mag, ∼ 2 mag fainter than any other GRB host [12] . Although its blue colour matches that of a star-forming galaxy, our observations do not allow us to resolve it as an extended source.
At z = 0.33, the X-ray BB has a radius of ∼ 2 × 10 11 cm (∼1 R ) and a temperature of ∼ 1 keV (10 7 K) at 0.07 d with little temporal evolution. Such a thermal component, attributed to the shock breakout from the star, had also been observed for XRF 060218 [13] , XRF 100316D/SN 2010dh [14] and GRB 090618 [15] , all nearby GRBs associated to Type Ic SNe [16, 17, 14, 18] , with similar temperatures but larger radii. The UVOIR BB starts with a radius of 2 × 10 14 cm (∼13 AU) and a temperature of 8.5 × 10 4 K at similar times and evolves considerably over the next 10 days reaching a radius of 7×10 14 cm and temperature of 5,000 K. The evolution of the two BB components suggests that they must stem from different processes and regions.
An appealing model is a Helium -neutron star (NS) merger with a common envelope (CE) phase, a model that had been proposed earlier as a possible progenitor for GRBs [19, 20, 21] . In this scenario, a binary system consisting of two massive stars survives the collapse of the more massive component to a neutron star (NS). When the second star leaves the main sequence and expands, it engulfs the NS, leading to a CE phase and the ejection of the hydrogen envelope and part of the helium core as the remnant spirals into the center of the second star. When the NS reaches the center, angular momentum forms a disk around the remnant of the merger, allowing for the formation of a GRB-like jet. The remnant might be a magnetar whose prolonged activity can explain the very long duration of the GRB.
The interaction of this ultra-relativistic, well-collimated jet with the previously ejected CE material can explain both the X-ray and UVOIR emission components. Estimating that the inspiral takes 5 orbits or 1.5 yr and material is ejected at escape velocity, the outer ejecta are at a few 10 14 cm at the time of the merger, consistent with the radius of the UVOIR BB. We assume that the ejecta form a broad torus with a narrow, low-density funnel along the rotation axis of the system that permits the passage of the γ-radiation generated in the jet. Most of the jet hits the inner boundary of the CE-ejecta and only a small fraction of it propagates through the funnel. The X-ray emission is produced by shocks created by the interaction of the jet with the inner boundary of the CE shell. As the jet passes through the funnel, it decelerates due to the increased baryon load and shear with the funnel walls so that no regular afterglow signature is produced. When the now mildly relativistic, mass-loaded jet breaks out of the CE-ejecta, it produces the UVOIR emission in the first 10 d. As the supernova shock expands beyond the CE shell we observe a small bump in the lightcurve at ∼30 d. The He-NS merger scenario naturally assumes a relatively small Ni-production, leading to a weak SN.
A somewhat similar scenario might also explain XRF 060218 albeit with a different progenitor system producing a brighter SN and a fainter GRB. The remnant might be a magnetar whose prolonged activity can explain the very long duration of the GRB. A thermal component in the optical can also be fitted for the X-ray outburst associated with SN 2008D, a Type Ib SN in NGC 2770 [22] , which, however, had no thermal component in X-rays. And last, it is possible that a GRBs shows a thermal component in X-rays (e.g., GRB 090618) but shows a classical, bright power-law shaped afterglow [18] . GRB 101225A might be a member of a newly defined class of "blackbody-dominated", SN-associated long-duration GRBs arising in very dense environments created by the progenitor systems themselves, which thermalizes the high-energy output from the collapsing star. The non-relativistic, uncollimated emission from this scenario makes it difficult to detect them at higher redshifts. This makes GRB 101225A a fortunate coincidence that allows us to derive conclusions about the progenitor system and its environment by a new variety of massive stellar death, which had so far been only proposed to exist theoretically. by UVOT, the UV telescope onboard Swift and several ground based facilities from 0.38h to nearly 2 month after the GRB.
This plot shows the evolution of the SED from the onset of the optical observations at 0.07 days to 40 days for all epochs with sufficient data to model the SED shape. Filled circles are detections, triangles mark upper limits. The orange line on top of the BB model at 2.0 days shows our flux-calibrated spectrum taken with the OSIRIS/GTC. The SED evolution requires two different components, a simple expanding and cooling BB up to 10 days and an additional SN component for the last 3 epochs.
The solid line shows the combined evolution taking both the BB and the SN beyond 5 days into account, whereas the dashed line shows the evolution of the BB component alone. The UVOIR BB evolves from an initial temperature of 43,000 K (0.07 d) to 5,000 K (18 d) and increases in radius from 2×10 14 cm to 7×10 14 cm at the same timescale. The SN component is best fit with a template of the broad-line Type Ic SN 1998bw which was associated to GRB 980425. For the fit of the SN component we used the SED at 40 days. Reanalyzing UVOIR data of XRF 060218 [13] and SN 2008D [22] we find a similar thermal component over the first 3-4 days after which the SN starts to dominate. The UVOIR BB of XRT 060218 shows a similar radius, temperature and evolution as GRB 101225A and is equally inconsistent with radius and temperature from the X-ray BB.
SN 2008D shows a steeper evolution in the radius, consistent with the continuation from the shock breakout, a thermal X-ray component was not observed (see SI). 
Supplementary information
1 BAT data analysis and fitting GRB 101225A was detected by BAT on-board the Swift satellite [23] on Dec. 25, 2010 at T 0 = 18:37:45 UT as an image trigger [24] . It was already in progress both when the source entered the BAT field of view and when it left the field of view due to Swift orbit-constrained slews [25, 26] . Therefore, we can only give lower limits on the total burst fluence and the T 90 duration. The total fluence of the intervals covered in the observations adds up to (5.6 ± 0.7)× 10 −6 erg cm −2 (implying a total energy release in γ-rays of E γ,iso > 1.4 × 10 51 erg at z = 0.33.), which is a lower limit to the total gamma-ray emission. No emission was detected in a previous observation of the field at T − T 0 = −4950 s and we therefore put a lower limit on the duration of T 90 > 2000 s. This is one of the highest durations ever observed for a GRB, comparable to the longest burst observed by Swift, GRB 090417B [27] . The BAT light curve is shown in Fig. 1 . The BAT-observed peak flux of (3.25±0.47) × 10 −9 erg cm The time-averaged spectra from T 0 to T − T 0 = +963 s and from T − T 0 = +1372 to T − T 0 = +1672 s are best fit by simple power-law models with photon indices of Γ = 1.9 ± 0.4 and 1.9 ± 0.2, respectively. The total fluences in each time period in the 15 − 150 keV band taking these fits are (1.7 ± 0.4)×10 −6 and (9.0 ± 0.2) ×10 −7 erg cm −2 . All quoted errors are at the 90% confidence level. The BAT spectra are almost equally well parametrised by models using a cutoff power-law or a blackbody fit due to the low signal-to-noise ratio of the event. E peak using a cutoff model is poorly constrained to 38 ± 20 keV. The blackbody fit gives a temperature of kT = 10.1 ± 1.1 keV. Errors are at the 68% confidence level.
We also examined the BAT data to search for persistent emission after the trigger. For this we used the daily sky image mosaics produced as part of the BAT hard X-ray transient monitor which cover a single energy band (until MJD 55565). We determine the probability that such a sequence of excess rates would occur by chance. To do this, we examine the light curves of 106 "blank sky" points tracked in the BAT transient monitor. These are points chosen randomly across the sky at least 10 arcmin from any known X-ray source. Any positive flux from these points is expected to be due to chance fluctuations. In these 106 light curves (> 200, 000 data points), we find only one sequence of six consecutive days showing a positive excess and none with more than six days. The chance probability of ten days of excess flux is less than 1/200,000, so the observed prolonged emission is likely real.
XRT data analysis and fitting
The Swift XRT data were processed with version 3.7 of the XRT data reduction software (released as part of HEASoft 6.10 on 2010-09-28) and the corresponding calibration files used for subsequent spectral analysis. We tried a variety of fits to the X-ray data, using XSPEC version 12.6.0, with the result that an absorbed power-law plus BB component provided a good fit to the data (see Fig. 2 ). For the fit we used the Tübingen-Boulder absorption model with the Wilms abundances [29] and Verner absorption cross-section [30] . As shown in Fig. 3 , there is little spectral evolution within the first snapshot of data. The best fit taking the entire first 367 s of data is a power-law with a photon index Γ = 1.83 Results from the fits to the first snapshot of the X-ray data. The panels show from top to bottom: a) count rate during the first snapshot, b) photon index Γ, c) BB Temperature in keV, d) the contribution of the BB to the total emission in percent, e) radius of the emitting BB at z = 0.33 and f) total absorbing column density in X-rays (the Galactic column density in the line-of-sight is 7.9 × 10 20 cm −2 ).
a total absorbing column of (2.2 ± 0.3)×10 21 cm −2 , for a χ 2 of 420.7 for 379 degrees of freedom. The Galactic column density in this direction is 7.9 × 10 20 cm −2 .
The inclusion of the BB is significant at the > 99.9999% level, the contribution of the BB to the total emission is around 20% (see Fig. 3 ). The second snapshot of data (also in WT mode) is again better fit with a BB in addition to the power-law, with Γ = 2.18 BB component is required and a simple absorbed power-law provides an acceptable fit, likely due to the lower signal-to-noise ratio at later times. Table 1 : Result of different model fits to the X-ray data of the first snapshot. PL is a pure power-law model, PL+BB a combination of a simple PL and a BB with one temperature while a PL+diskBB includes emission from BBs with different temperatures, PL+compt includes a comptonized component in addition to the power-law. Γ is the photon index of the power-law, kT the BB temperature, the column density is the total density, including the Galactic absorption. The last column shows the χ 2 of the different fits and the F-test value compared to the simple absorbed PL model. The detection of N H in excess of the Galactic column density can be used to constrain the redshift since column density and redshift are coupled. We fitted the spectrum of the first orbit fixing the Galactic absorption to 7.93 × 10 20 cm −2 . In addition to the absorbed powerlaw plus BB component as described above we allowed for a third component leaving both the column density and the redshift free to vary (in contrast to the fit described above where the redshift was fixed to 0.3). The resulting contours are plotted in Fig. 4 . The 99% upper limit for the redshift is 0.5, the 90% upper limit on the redshift is 0.35, consistent with our findings from the UVOIR SED fitting.
We also checked for a possible periodicity in the X-ray data. To this end, light curves were extracted with 18 ms bins which is the best time resolution available for WT mode. Using the Kronos powspec tool, no significant periodic signal was identified with a frequency between 0.005 and 28 Hz (0.04 and 200 s) in either the first or second snapshot of data. The 3σ limit on the variation in flux of any periodic signal during the first WT snapshot is 6.3%.
3 UV, optical and IR data analysis software tool uvotmaghist within HEAsoft 6.9 and the latest calibration files (20101231).
We extracted counts using a circular aperture with a radius of 5 arcsec for count rates above 0.5 counts s −1 , and a 3 arcsec aperture where the count rate drops below 0.5 counts s −1 , as well as a source-free background region. The tool uvotmaghist applies coincidence-loss corrections and aperture corrections. The count rates were converted to flux density using standard photometric calibration [31, 32] .
McD 2.1m
The 
LT 2.0m
The Liverpool telescope is a 2.0m fully robotic telescope located at the observatory of Roque de los Muchachos on La Palma. Observations were carried out with the imaging camera RATCAM. The optical counterpart was detected in one epoch in i -band at 10.09 d after the GRB.
OSIRIS/GTC
We acquired imaging data using OSIRIS at the Gran Telescopio de Canarias (GTC), a 10.4m telescope located at the observatory of Roque de los Muchachos on La Palma, Canary Islands, Spain.
The observations started in r band ∼2 days after the burst, exposing for 30 s. A second r observation was carried out ∼ 21 days after the gamma-ray event, where 5 exposures of 180 s were obtained. We furthermore obtained a late-time SED at 39 days in g , r , i and z bands and a last image at ∼44 days in the r band.
The data of our two late epochs (at ∼39 and ∼44 days) were obtained at a considerable airmass (1.73 -2.14)
since the object was setting quickly after evening twilight. The data at ∼21 and ∼44 days were acquired with the Moon at ∼54 and ∼36 degrees, respectively, with an illumination of 83% and 21%, respectively. The SED at 39 days was constructed in dark time. The observing conditions were good in all four GTC epochs. 
Gemini-North: NIRI and GMOS-N

BTA 6m
A final late image was obtained using SCORPIO on the 6.0m BTA telescope, located at the Special Astrophysical
Observatory, in Russia. The observation consisted of 20 × 120 s exposures using an I filter obtained on Feb. 25, 2011 (60 days post burst) under good weather conditions and a seeing of 1.3 − 2.0 arcsec.
Photometry of ground-based data
The photometry of V, R and I data was done in a consistent way using a set of 15 Table 3 . The field of view is 6 arcmin × 4 arcmin.
Preimaging
Preimaging of the field was available from the archive of the 3.5m Canada-France-Hawaii Telescope (CFHT), obtained with the MegaPrime/MegaCam for the Pan-Andromeda Archaeological Survey (PAndAS, [34] ). We combined 3 × 500 s exposures obtained under very good conditions in g and i bands and derive 3σ limiting magnitudes for these exposures of i > 25.5 and g > 26.9. At the position of GRB 101225A, we tentatively detect an object with g = 27.2 ± 0.5 (2σ, see Fig. 6 ) which is consistent with our late host detection (see Sect.
3.10).
Host detection
At three epochs, June 9, June 28 and 29, we obtained deep imaging of the field of GRB 101225A in g and r with OSIRIS at the 10.4m GTC under good conditions and seeing around 1.0 arcsec. The total exposure time is 8400 s in g and 6400 s in r band. We detect an unextended object at the position of the GRB in both bands at g = 27.21 ± 0.27 (∼3σ) and r = 26.90 ± 0.14 (∼7σ). These values are clearly above the extrapolation of the SN light curve to 180 days and we therefore propose this object to be the host galaxy of GRB 101225A. At a redshift of z = 0.33, the absolute luminosity is M abs,g = −13.7 mag, ∼ 2 mag fainter than the faintest GRB host detected so far (XRF 060218 [12] ) and one of the faintest galaxies ever detected at that redshift. The g − r color of the host is consistent with what we would expect for a late-type star-forming galaxy, in line with what is seen for other long GRBs, although we note that the large errors allow other galaxy types as well. The blue color would also argue against the source being a late detection of a cool component from the event itself (see [3] ). 
Optical spectroscopy
We obtained a spectrum of the optical counterpart 51 h after the event using OSIRIS on the 10.4m GTC telescope on La Palma (Spain). Two spectra of 1800 s exposure time each were taken with grism 300B (R=325, wavelength range: 3500 − 7000Å) under moderate to high airmass (1.26 and 2.05, respectively). The spectra were reduced and combined with standard tasks in IRAF and flux-calibrated with the spectrophotometric standard G191-2B2 observed in the same night. The continuum is clearly detected, but the spectrum shows no obvious absorption or emission lines.
We performed a search for any possible redshift solution in the range z=0. On the night of 2011 Feb. 04 we observed the optical counterpart with the Low-Resolution Imaging Spectrom-eter [35] on the Keck I telescope during local twilight. Two undithered observations of 600 seconds each were acquired using the 1.0 arcsec slit and the D500 dichroic at a position angle of 86.5 degrees. On the red arm we used the 600/7500 grating and binned the CCD along the spatial direction (2x1 binning); on the blue arm we used the 600/4000 grism and binned the data along both spatial and spectral axes (2x2 binning). Due to twilight there is no evidence of a trace in the blue spectrum (and no source is detected in GMOS g -band imaging from the previous night). A faint continuum trace at the expected position of the transient is identified on the red side in the second (less twilight-affected) exposure from 7160 to 8000Å with no absorption or emission features visible.
Modeling the UV to NIR spectral energy distribution
The early evolution of the UV/optical/IR (UVOIR) counterpart is very unusual for a GRB afterglow. Instead of a power-law spectrum with a negative spectral slope, it had a very blue counterpart, following what seemed to be a power-law with a positive spectral slope [36] . Furthermore, the counterpart stayed bright during the first days and then decayed [37] with a strong color change, transforming into a very red counterpart two weeks after the trigger [38] . We interpret this early evolution as being produced by the expansion and cooling of a blackbody (BB), as shown in Section 5.1.
The simple BB evolution is not valid any more for the emission beyond ∼ 20 days after the trigger. At that time we observe a flattening of the light curve, while the very red color is preserved. This late evolution can be well-described with the presence of a supernova component, as described in Section 5.2.
Early time evolution
For the modeling of the UVOIR spectral energy distribution (SED), we use the photometry presented in Tab. 2 together with some of the data points extracted from the literature [36, 37, 38, 39, 40, 41, 42] . All magnitudes are corrected for a Galactic extinction of A V = 0.33 mag and transformed from magnitudes to flux densities. With this data set we are able to derive a set of 12 SEDs ranging from 0.07 to 40 days after the trigger.
The early optical SEDs are well fitted by using an expanding and cooling blackbody of the following form (in frequency space):
Here, the factor 10 26 is used to convert W/m 2 /Hz to Jy. R is the radius of the emitting black body (which we assume to be spherical), D is the luminosity distance to the object, z the redshift and T obs is the observed blackbody temperature (the rest-frame temperature would be T rest = T obs (1 + z) ). The other physical constants are: c is the speed of light, h Planck's constant and k B Boltzmann's constant. For simplicity we assume a blackbody with an emissivity of 1. The blackbody succeeds in reproducing the data up to 10 days, without any intrinsic extinction or additional emission component, after which another component becomes dominant (see Section 5.2). From the fits to the SED evolution and allowing for a second-order fit, we get the following evolution of the normalisation constant:
where t is the time in days. The temperature evolution (in K) can be described by:
log (T obs ) = (4.342 ± 0.017) − (0.395 ± 0.016)log(t) − (0.11 ± 0.02)log(t)
2
(3) Figure 9 shows the temporal evolution of the normalisation constant and the temperature. The normalisation can be sufficiently described by a linear evolution in log-log space and therefore the second order term in eq. (2) can be neglected. For the temperature, we need an additional second order term to obtain a reasonable fit to the data. The temperature and normalization evolution fits very well to our theoretical model of the afterglow (see Sect.
8 and Fig. 19 ). Once the redshift is known the normalisation constant can be transformed into physical values in the rest-frame of the object which is shown in Fig. 10 . For this we assume z = 0.33 (see Section 5.2), or 1661.1
Mpc using a ΛCDM cosmology with H 0 = 71, Ω M = 0.27 and Ω Λ = 0.73. Figure 9 : Temporal evolution of the normalization constant and temperature during the UVOIR BB phase. The evolution of the normalization constant can be described by a linear evolution in log-log space while the temperature evolution requires a second order term.
Late evolution and SN template fitting
The late evolution of the light curve requires a component in addition to the evolving BB described in Section 5.1. A pure BB fit to the late data gives a bad fit with χ 2 /d.o.f. = 10.45/5 and is therefore ruled out with Figure 10 : Temporal evolution of the physical radius and temperature of X-ray and UVOIR BB. This figure is identical to 9 but showing the evolution of both BB components together. a 94% probability. We assume the late SED to have an additional component from a SN and fit the SED with several SN templates. These fits are also used to estimate the redshift of GRB 101225A, which we could not obtain spectroscopically (Section 4).
To determine the redshift of GRB 101225A we use the SED at 40 days after the burst where the contamination from the BB is negligible and where we have detections in 7 different bands. Given the steep slope in the blue part of the spectrum, we convolve the response of each filter with the spectral shape of the templates. This is particularly important for the r -band observations performed from GTC and Gemini at a very similar epoch, which show a significant difference in flux density. The filter of GTC reaches slightly redder wavelengths, and the difference in flux densities can be well explained by a very steep slope due to a SN feature as shown in Fig. 12 .
We obtain templates for different core-collapse supernovae from the literature 1 . We exclude SN Ia from the analysis, as we do not expect high-energy emission such as detected for GRB 101225A for those events. The template for each SN prototype was interpolated to the time of the SED for a range of redshifts (see references in Table 5 ). In the particular case of SN 1998S the templates were created by combining ground-based and HST spectra.
In order to obtain the best-fit redshift, we also need to consider the time evolution and maximum of the SN light curve which is expressed as the stretching factor (a stretching factor of s = 1 corresponds to a time evolution identical to the corresponding template SN). To this end, we iteratively fit the SED and the light curve starting with s = 1 and a first fit to the SED in 7 bands (see Fig. 12 ). With the best-fit z, a SN light curve is derived and fitted to the real light curve which gives a new stretching factor. This process continues until the solutions for s and z converge. We also allow for a scaling of the flux of the SN during the fit. The best fits for s and z for each SN template are displayed in Table 5 .
The absolute best fit is obtained with a SN 1998bw template, a broad-lined Type Ic that is the canonical template for GRB-related supernovae. For this case we obtain a redshift of z = 0.33
+0.07
−0.04 and s = 1.25 ± 0.15. The other core-collapse SNe we tested (excluding the Type II SN 1998S, which clearly does not fit our SED) give redshifts [51] between z = 0.31 and z = 0.50. We therefore use z = 0.33 as reference in this work. Figure 12 shows the fitted SED with the template at z = 0.33
−0.04 and Figure 13 the best fits for all other SN templates as well as a simple BB. 5.3 Luminosity and stretching factor of the SN associated with GRB 101225A in context of other GRB-SNe Figure 13 : Fit of the SED at 40 days to SN templates other than a SN 1998bw-like (as listed in Tab. 5) The fit shown is the one with the best-fit stretching factor for each template. We also plot a simple BB with 3650 K, the temperature at which we obtain the best fit.
luminosity identical to that of SN 1998bw), and stretching or compressing the light curve in time while retaining the overall shape (the parameter s, again, s = 1 implies the temporal evolution is identical to that of SN 1998bw in the same band). This procedure also included the creation of synthetic templates by interpolating between the SN 1998bw light curve in different filters, and taking into account the cosmological K-correction. Nearly all GRB-SNe were well-fit by the SN 1998bw light curve template. For GRB 101225A we have s = 1.25 ± 0.15 and k = 0.08 ± 0.03 according to the designation of [52] using the SN 1998bw light curve at z = 0.33.
Ferrero et al. [53] analyzed SN 2006aj associated with XRF 060218, and placed it into the k − s context. They employed the line-of-sight extinction values derived by [54] to derive intrinsic k values. To place the SN associated with GRB 101225A into the k − s context, we fit the light curve analogous to [52] , and use the sample of [53] as well as additional events as a comparison. The complete data are presented in Table 6 .
GRB 990712 has been analysed again with additional data. We find no evidence for host extinction. For GRB 021211, a re-analysis of the afterglow SED finds no evidence for host extinction, the value from [53] thus remains unchanged but now counts as extinction-corrected. For GRB 040924, we use the k and s values from [9] and correct k with the extinction found by [54] . For GRB 050525A, we use the uncorrected k value from [53] , and correct it with the extinction found by [11] . For XRF 050824, we use the uncorrected k value from [55] , and correct it with the extinction found by [11] . GRB 060729 is analysed in [56] . GRB 080319B is analysed in [57] .
GRB 090618 has been analysed for this work, using the data set of [18] . We were not able to derive a good SED for this afterglow, therefore the k value has not been corrected.
As can be seen in Fig. 14 , the SN associated with GRB 101225A is significantly fainter than any other known GRB SN (with the SN associated with GRB 040924 being the most similar, but this event is only marginally detected). At the same time its temporal evolution is similar but slightly slower than most known GRB-SNe, though not by a large amount. It is also fainter than two well-studied Type Ic SNe, SN 1994I and SN 2002ap (see [53] for discussion), the latter being broad-lined, but not associated with a GRB. Figure 14 : Luminosity factor k and stretching factor s of SNe associated with GRBs. Filled symbols have been corrected for host-galaxy line-of-sight extinction, non-filled symbols have not. We label several well-studied nearby GRB-SNe, as well as two "canonical" Type Ic SNe, SN 1994I (Ic) and SN 2002ap (broad-lined Ic unassociated with a GRB). The GRB 101225A SN is fainter than all these events.
6 Discussion on the redshift of GRB 101225A
Determining the distance scale at which GRB 101225A occurred is crucial to understand the energetics and get a clear picture of the physics involved in this event. In this section, we present several independent arguments to strengthen our redshift estimation.
The first strong limit on the redshift comes from the UVOT detection in uvw2 which implies a redshift lower This Work than z = 1.4 [58] . As an independent test, the analysis of the absorption in the X-ray spectra (see Sect. 2 and in particular Fig. 4 ) imposes an upper limit on the redshift of 0.5 within 99% confidence and 0.35 within 90%
confidence.
The most restrictive redshift estimate comes from the SN fitting at 40 days after the burst (see Sect. 5.2), where we find a best fit for a broad-lined SN Ic, such as SN 1998bw, the prototype of GRB-related SNe, at z = 0.33
−0.04 . For the rest of the SN types that give a reasonable fit, we obtain similar values, always resulting in a redshift between 0.21 and 0.50. Independently of the SN fit, we can compare the brightness of the bump in the light curve with the dimmest known SN (SN2008ha, which peaked at M R = −14.5 ± 0.3, [59] ) and take that as a lower limit on the redshift. In this case, we would expect GRB 101225A to be located at a redshift larger than 0.1.
From the SED fit of the first days, we know that the evolution is well-described by a simple BB. Depending on the distance at which the object is found, we can derive different radii and expansion velocities. For an explosion of this type, we expect expansion velocities larger than ∼ 10 3 km s −1 , which would be at the edge of a stellar wind regime and, if similar to a SN explosion, of the order of 10 4 km s −1 . We cannot, in principle, rule out higher velocities of the ejecta. Under the assumption that the ejecta should not be traveling at velocities larger than 100,000 km s −1 (0.3c) and lower than 1,000 km s −1 (0.03c), we can estimate a range of reasonable velocities between z ∼ 0.20 and z ∼ 0.60 (see Fig. 11 ). We note that there might be additional effects such as variations in the transparency of the BB that could introduce variations in this simplified analysis. In any case, the evolution of the BB would be hard to get by any source within the Local Group. At a redshift of z = 0.33, the velocity of the blackbody would have evolved from ∼ 70, 000 km s −1 at the time of our first SED to ∼ 2, 000 km s −1 at the time of our last blackbody-dominated epoch, nicely matching the requirements. The fact that the blackbody detected for XRF 060218/SN 2006aj was very similar to the one found for GRB 101225A when placed at a redshift of z = 0.33 (see Section 7) adds additional evidence for the validity of the redshift estimate.
Concluding, the proposed redshift for GRB 101225A of z = 0.33
−0.04 is supported by several independent arguments, and can be considered as a firm reference when studying the physical processes involved in the event.
We do not find any evidence that would indicate a redshift smaller than z = 0.2 or higher than z = 0.5.
Comparison between GRB 101225A and other GRBs with SNe and BB components
In Table 7 , we compare several properties of GRBs associated with SNe and without a "classical" afterglow component. All of them are subluminous compared to the average long-duration GRB with E iso around 10 51 − 10 54 erg. GRB 101225A lies on the lower end of the energy output from normal long-duration GRBs. Among those nearby GRB-SNe without a classical afterglow, there is a class of very long duration GRBs with very low E peak values, all of them showing a thermal component in X-rays. XRF 060218 and XRO 080109 also had a thermal component at optical wavelengths during the first few days [13, 22] . For XRF 100316D, no optical counterpart was detected before the onset of the actual SN due to high intrinsic extinction in the host galaxy.
XRF 060218 [13] shows a similar early behavior to GRB 101225A. We compare the early UVOT light curve of XRF 060218, which we obtained from the UVOT catalogue [60] , to the light curve from GRB 101225A by shifting that of XRF 060218 to z = 0.3, including a K-correction. To obtain the K-correction, we use XSPEC assuming a blackbody spectrum with kT ∼ 3.7 eV. The temperature was determined from the best-fit model of a BB to a SED of XRF 060218 taken at 120 ks after the trigger [13] . Using this BB spectrum, we determined the expected flux density in the observed frame for each filter and at z = 0.33. The ratio of these two flux densities was taken to *No γ-rays observed, numbers derived from X-rays. TC? refers to the early thermal component, mostly attributed to a supernova breakout. HR is the hardness ratio, defined as the ratio of channels (50 − 100 kev)/(25 − 50 keV) SN M V is the SN peak absolute magnitude in V Host M B is the host absolute magnitude in B be the K-correction for the specific filter, which is ∼ 2.20 for all filters. Figure 15 compares the flux-density light curves of the 3 UV filters of both GRBs. For both GRBs the light curves were corrected for Galactic extinction. We furthermore performed a fit of the early UVOIR SEDs of XRF 060218 and SN 2008D, in a similar way to what we did for GRB 101225A. XRF 060218 also seems to follow a blackbody evolution at early times. However, the SN starts to dominate already around 3 days after the burst (see Fig. 16 ), limiting how long the study of the evolution is possible. As can be seen from Fig. 17 , the evolution of the blackbody is not very different from what we see in GRB 101225A, although the radius expansion is slightly steeper. SN 2008D does not have a measurable thermal component in the early X-ray data. In the optical, the cooling BB dominates until about 4 days after the event when the onset of the SN was observed (see Fig. 16 ). The temperature of the UVOIR BB of SN 2008D is lower (∼ 30 000 K) than those of XRF 060218 and GRB 101225A. The radius evolution is considerably steeper than for those two events (Fig. 17) . The UVOIR BB emission of SN 2008D is therefore likely due to the cooling of the initial shock breakout.
8 Temperature evolution and geometry of the UVOIR BB
The interaction of an ultra-relativistic, well-collimated jet (having a half-opening angle θ j,0 ∼ 10 • ) with the previously ejected broad torus can explain the power-law and thermal component in the X-rays of GRB 101225A.
In Fig. 18 we show four different stages in the evolution of the jet and its interaction with the CE shell.
Taking the results from CE-simulations, we assume that the density of the common envelope ejecta in a narrow funnel around the symmetry axis of the system is much lower than elsewhere in the CE-ejecta. This funnel has an opening half-angle θ f ∼ 2 • , which permits the passage of the γ-radiation generated by internal shocks in the ultra-relativistic jet. Since θ f < θ j,0 , most of the jet beam hits the inner boundary of the CE-ejecta at a distance of R CE,in 2.5×10 12 cm (panel a of Fig. 18 ), while only a small fraction of the beam propagates through the funnel until it reaches the outer radial boundary of the CE-ejecta (R CE,out 2.1 × 10 14 cm, panel b). As the central jet spine progresses through the ejecta funnel, it interacts with the lateral walls, giving rise to mass entrainment in the jet. The additional baryon load and the shear with the funnel walls decelerates the ultra-relativistic jet spine extremely quickly and, therefore, no regular afterglow signature is produced. Furthermore, most of the jet beam hits regions of the CE-ejecta which are much denser than the central funnel and, thus, its propagation across the ejecta is much slower than that of the central spine. As the jet decelerates to moderately relativistic speeds it expands laterally.
The X-ray emission is attributed to the shocks (forward and reverse) produced as the ultra-relativistic jet im- pinges against the inner radial boundary of the CE-ejecta. In our model the cross-sectional radius of the CE-ejecta funnel (R f = R CE,in sin θ f ∼ 10 11 cm) sets the almost-constant size of the observed X-ray source (blue dots in Fig. 10 ).
An approximate evolution of the jet spine as it crosses the ejecta funnel can be obtained by applying the model of [63] , which is based on solving a system of four ordinary differential equations (as a function of the observer's time t) for the Lorentz factor, the rest-mass, the radius and the jet half-opening angle, respectively: 
where n(R) is the particle number density, β = √ 1 − Γ −2 is the velocity, is the shock-generated thermal energy (in the comoving frame) that is radiated, and c s = (4Γ + 1)(Γ 2 − 1)(3Γ(4Γ 2 − 1)) −1 is the sound speed. The temperature of the jet spine is derived by assuming that the pressure is dominated by the photon radiation, so that P (t) = aT 4 (t)/3, with the radiation constant a = 7.56 × 10 −15 erg cm −3 K −4 , and noting that P = (Γ 2 − 1)/(3Γ)nm p c 2 , (m p being the proton mass) according to [63] .
For the jet spine propagating through the CE-ejecta funnel we may take the following initial conditions, corresponding to an ultra-relativistic and cold jet: Γ in ∼ 100, M in 8 × 10 −9 M , R in = R CE,in = 2.5 × 10 12 cm, and θ in = θ f = 2 • . A moderate radiative efficiency 0.4 is assumed. The initial jet mass is estimated from the observed lower limit of E γ,iso and the initial jet half-opening angle as M jet = E jet /(((Γ − 1)(1 − ) + )c 2 ),
where E jet = E γ,iso (1 − cos θ f ) 8.5 × 10 47 erg. We assume that the CE-ejecta have a declining particle number density of the form n(R) = n in (R CE,in /R) 2 , with n in = 4.9 × 10 12 cm −3 . After t 0.05 days the jet spine reaches R CE,out at a velocity of v jet,out ∼ 0.25c, an opening half-angle of θ jet,out 70
• , and having plowed 1.5 × 10 −5 M of the CE-ejecta.
The temperature and radius evolution of the UVOIR BB (panel c in Fig. 18 ) can be modeled as the result of the further deceleration of the sub-relativistic jet emerging trough R CE,out . Again, we use equations 4-7, but now considering a uniform medium with a particle density of n ext 1.6 × 10 9 cm −3 and a higher radiative efficiency of = 1. As initial conditions we take the terminal values of the velocity, mass, radius and opening half-angle of the previous evolution through the CE-ejecta funnel. The result can be seen in Fig. 19 (after t 0.05 days). Small variations of the initial variables can also roughly fit both the radius and the temperature evolution. We note that, even though the theoretical model does not predict an exact power-law for the radius evolution, the deviations from the observed R(t) ∝ t 0.22 are rather small. We also point out that the temperature evolution is not compatible with a single power-law as the observational data suggests.
Finally, we speculate on the fate of the jet wings, i.e., the fraction of the jet that does not cross the CE-ejecta funnel. The energy contained in these wings, ∼ 10 49 erg, is transferred to the CE-ejecta, and can break out through R CE,out on scales of ∼ few days, almost isotropically, but at relatively low temperatures compared with the emerging jet spine. Hence, its observational signature will be probably hidden by the emerging SN light curve The initial evolution up to 0.05 days (grey shaded area), is computed with a modified version of the [63] method to incorporate a shell profile in which the number density decays with radius as n = n in (R CE,in /R) 2 , with n in = 4.9×10 12 cm −3 . For this part of the evolution, the initial data are: R in = R CE,in = 2.5 × 10 12 cm, E jet 8.5 × 10 47 erg, Γ in ∼ 100, θ in = θ f = 2
• , and 0.4.
